these studies inferred mutation rates from clone trees, we aimed to use a classical AT-rich malaria genomes in a mutation accumulation experiment. We then aimed to 1 0 6 evaluate the impact of repeat motif, array length and genomic context, gene function, and transcriptional activity on observed mutation rates. To investigate the mutation rate in the P. falciparum genome, we generated long-term 1 1 2 mutation-accumulation (MA) lines starting with a randomly chosen single clone from 1 1 3 laboratory adapted 3D7 (Fig 1) generated by dilution cloning. The MA lines passed independent MA lines (S1 Table) . This equates to a total of 85 (57-134) 48-hr asexual 1 1 8 generations or 425 (285-668) mitotic divisions: in total 2,641.5 48-hr asexual 1 1 9
generations, or an estimated 13,207 mitotic divisions.
Compositions of short tandem repeats in the P. falciparum genome 1 2 1
We identified 132,449 perfect microsatellites from the P. falciparum 3D7 genome 1 2 2 (http://plasmodb.org/common/downloads/release-32/Pfalciparum3D7/) with at least 1 2 3 three repeats, 10-1000bp in length and 1-9bp per repeat unit, which accounts for 10.74% of the whole genome. Among these microsatellites, 123,834 (93.50%) of them are 1 2 5 located in the core genome (defined in [2] ). As genotyping microsatellites that exceed 1 2 6 70bp in size invariably requires reads longer than 100bp [15] , and the genotype call rate declined for longer microsatellites, we restricted this analysis to microsatellites 1 2 8 with a size range 10-70bp. This accounts for 99.9% (123,722/123,834) of the core 1 2 9
genome microsatellites and provides a good representation of microsatellites from the 1 3 0 complete P. falciparum genome (S1 Fig and S2 Table) . Both the length of repeat arrays and the repeat motif have been shown to impact 3 4 8 microsatellite mutation rate in multiple species [22] . Consistent with this, in P. falciparum, we see that large microsatellite motifs (4-6bp) show higher mutation rates 3 5 0 than motifs <4. There is also a strong relationship between microsatellite 3 5 1 heterozygosity and repeat array length [23] . For dinucleotide AT repeats, the 3 5 2 dominant repeat class in the P. falciparum genome, mutation rate increases from 9.87 3 5 3
x 10 -8 for 5-10 repeats to 2.07 x 10 -6 for 20-25 repeats. There is a strong positive 3 5 4 relationship between mutation rate and repeat number; this fits better to a di-nucleotide repeats in humans [24] .
3 5 8
Stepwise mutation models, in which single repeat units are lost or gained from arrays, are frequently used to model microsatellite evolution. We found similar numbers of were large: we observed gains of 8 repeats and losses of 11 repeats. Interestingly, we 3 6 6
found that mutational size was dependent on array length and highly asymmetric. Long arrays (≥15 repeats) showed larger mutational changes than smaller arrays (<15 3 6 8 repeats). Furthermore, these long arrays also tend to have to have larger deletions than insertions. This asymmetry is expected to limit large repeat expansions [25] , such as those responsible for repeat associated disorders in humans [26] . However, it is also 3 7 1 possible that shorter read sequencing data limits our ability to score large insertions, Several studies report an association between mutation rates and proximity to highly expressed genes [27, 28] . One possible interpretation is that mutation results from collisions between replication and transcription machinery, which will occur more 3 7 7 frequently in highly expressed genes. To examine the roles of transcription, motif size, array length, genomic context, we fitted all these variables into a binomial family 3 7 9
GLM (S9 Table) . As expected motif size and array length were significant positive 3 8 0 predictors of microsatellite mutuality. However, the interaction between transcription 3 8 1 and genomic context with microsatellite mutuality was not significant. We also the full predictive model (S9 Table) , but detected no significant effects. found in this study (S6 Table) . Ten of 48 genes were scored as essential in a 3 9 2 piggyback mutagenesis screen (MIS < 0.2, MFS < -2), of which two contained coding 3 9 3 indels and eight contained intronic indels. We suggest that at least some of the 3 9 4 mutations observed will impact phenotype. Given that infected people may 3 9 5 contain >10 11 parasites, and an average mutation rate of 3.00 x 10 -7 /asexual cycle, we 3 9 6 expect each infected person to contain an average of >30,000 mutations at each 3 9 7 microsatellite locus in the parasite genome. If just a fraction of these mutation modify 3 9 8 transcription, then microsatellites may be represent a potent source of genetic The mutation rates range from 10 -8 -10 -3 per locus per cell divisions at different 4 1 2 microsatellite catalogues for different organisms [37, 38] . The strongest driver of 4 1 3 microsatellite mutation is the array length: mutation rate increases as the 4 1 4 microsatellite repeat number increases (Fig 8) . The mutation rate for Plasmodium at different repeat number (3-5 repeats to 20-25 repeats). As all the previous studies 4 1 8
focus on mutations with di-, tri, and/or tetra-nucleotide microsatellite mutations, to be 4 1 9
comparable, we re-calculated the total mutation rate of di-, tri, and tetra 4 2 0 microsatellites at per locus per cell division scale in P. falciparum (Fig 8) . We generated thirty-one independent mutation-accumulation (MA) lines initiated 4 3 4 from a single founder colony of Plasmodium falciparum 3D7 (Fig 1) . We cultured all 4 3 5 parasite lines in complete media at 2% hematocrit and 37 o C, with chamber gassed of parasite dilution and culture. We maintained the MA lines for 114-267 days (S1 4 4 9 Table) . We called SNPs and small indels using three methods, including haplotype-based post-call filtering to each callset as described below (S5 Table) . We then generated a raw variant callset which included SNPs, insertions and deletions, HipSTR: we initially identified microsatellites with at least three repeats, repeat 4 9 4 length ranging from 10bp-1000bp, repeat motif size of 1-9bp from the P. falciparum 4 9 5
Materials and Methods
3D7 genome using the mreps program [52] . We only genotyped microsatellites 4 9 6 located in the core genome for accuracy, and microsatellites shorter than 70bp as 4 9 7
genotyping longer microsatellites requires sequence reads longer than 100bp [15] . We Genotypes with any of the following characteristics-< two spanning reads, posterior 5 0 0 < 90%, > 15% of reads with a flanking indel, or >15% of reads with a stutter 5 0 1 artifact-were excluded from this callset. Accurate determination of mutation rate requires stringent filtering to remove false 5 0 4 positive genotype calls. We used genotype concordance between the two independent 5 0 5
sequencing runs for each sample to establish stringent filtering parameters to optimize 5 0 6 call accuracy. We used the following statistic to calculate concordance:
where p is the concordance between two independent sequencing runs for an MA line,
m is the number of genotype that were discordant in the two runs, and G is the total 5 0 9
number of single nucleotide polymorphisms or microsatellite genotyped by both runs.
We first compared genotypes from two separate sequence runs, using callsets 5 1 1 generated and filtered as described above (Fig 2, standard filter examined failed the purity test. We applied the diffPL filter according to the threshold 5 1 9
appropriate for each method (S4 Table) . The concordance approached 100% after 5 2 0 stringent filter, both SNPs and indels (Fig 2, stringent filter method) .
2 1
We then collapsed the filtered genotypes from the two sequence runs for each sample 5 2 2 by merging identical calls, removing discordant calls and adding calls sequenced from 5 2 3 only one run, and combined result from different methods to make the final callset. As Consensus and progenitor-based approach for variant discovery 5 2 8
We used a consensus approach to identify putative mutations in which each individual 5 2 9
MA line or progenitor is compared with the consensus genotype of all the remaining reference genome [31, 33, 40, 53, 54] . We employed the consensus approach for our 5 3 3
Plasmodium dataset with several adjustments: The overall consensus base call is 5 3 4
identified as the genotype with the maximum frequency through all the MA lines. We consensus. If the line-specific consensus has a call that differs from the overall 5 3 8
consensus, and at least two other lines contained enough reads to be used in the 5 3 9
comparison, the site was designated as a putative mutation for the discordant line. To calculate the base pair mutation rate per asexual cycle for the MA lines, we used 5 4 2 the following equation: We thank National Institutes for Health grant R37 AI048071 (TJCA). This work was Resources. I  n  t  e  r  n  a  t  i  o  n  a  l  j  o  u  r  n  a  l  f  o  r  p  a  r  a  s  i  t  o  l  o  g  y  .  2  0  1  1  ;  4  1  (  1  )  :  7  1  -8  0  .  6  5  0  3  1  .  S  u  n  g  W  ,  A  c  k  e  r  m  a  n  M  S  ,  G  o  u  t  J  -F  ,  M  i  l  l  e  r  S  F  ,  W  i  l  l  i  a  m  s  E  ,  F  o  s  t  e  r  P  L  ,  e  t  a  l  .  A  s  y  m  m  e  t  r  i  c  6  5  1  c  o  n  t  e  x  t  -d  e  p  e  n  d  e  n  t  m  u  t  a  t  i  o  n  p  a  t  t  e  r  n  s  r  e  v  e  a  l  e  d  t  h  r  o  u  g  h  m  u  t  a  t  i  o  n  -a  c  c  u  m  u  l  a  t  i  o  n  e  x  p  e  r  i  m  e  n  t  s  .  6  5  2  M  o  l  e  c  u  l  a  r  b  i  o  l  o  g  y  a  n  d  e  v  o  l  u  t  i  o  n  .  2  0  1  5  ;  3  2  (  7  )  :  1  6  7  2  -8  3  .  6  5  3  3 repeat number, (C) representation of microsatellites with different motif sizes in the P. Comparison of mutation rate with other species. We compared published data sets (see text for details) comparing array length and mutation rate across several species. Two lines are provided for our P. falciparum dataset, showing unadjusted mutation rates, and mutation rates adjusted by genotyping rate (large microsatellite sequences have lower genotyping rate using short read sequence). P. falciparum microsatellite mutation rates are at the low end of the spectrum seen in other organisms.
